greater than 90% control when plants grew on relatively wet sites. Precipitation in northern New Mexico averages less than 6.5 cm from January to June, and this limits big sagebrush shoot growth (McDaniel and Balliette 1986) . Application of phenoxy-like herbicides in this region, including 2,4-D, dicamba (3,6dichloro-2-methoxybenzoic acid), triclopyr ([(3,5,6-trichloro-2-pyridynyl) oxy] acetic acid) and clopyralid (3$-dichloro-2-pyridinecarboxylic acid) applied as sprays during May, June, or July have been largely ineffective, except at high use rates McDaniel 1988, Whisenant 1987) . Most big sagebrush chemically controlled in northern New Mexico is treated with tebuthiuron (N-[5-(1,1-dimethylethyl)-l,3,4-thiadiazol-2-yl]-N,N~dimethylurea).
Tebuthiuron, which is applied to the soil and transported through the roots, can be applied irrespective of the growth stage of big sagebrush, killing about 90% of the shrubs at rates of 0.6 kg ai/ ha or higher (McDaniel and Balliette 1986) .
Recent research has been directed towards use of metsulfuron (2-[[[[(4-methoxy-6-methyl-1,3 ,5-triazin-2-yl)amino]carbonyl]amino]sulfonyl]benzoic acid) for control of various rangeland weeds including multiflora rose (Rosa mulftj7oru Wendl.) (Derr 1989) , spotted knapweed (Centuureu muculosa Lam.) (Lass and Callihan 1989) , Canada thistle (Cirsium urvense [L.] Stop.) (McKone 1989) , and broom snakeweed (Gutierreziu surothrue [Pursh.] Britt. and Rusby) (McDaniel and Duncan 1987) . Metsulfuron is a member of the sulfonylurea group, which are potent inhibitors of plant growth at low application rates. Unlike 2,4-D, which induces a massive cellular proliferation of photosynthates in the meristematic tissue of plants (Anderson 1983) , metsulfuron inhibits enzymes needed to produce essential amino acids valine and isoleucine. Under ideal conditions, metsulfuron applications result in rapid cessation of cellular growth and eventual plant death (Beyer et al. 1988) . Because the mode of action of metsulfuron is different from that of 2,4-D, many growth and environmental conditions prescribed when spraying 24-D for big sagebrush control may not be applicable for metsulfuron treatments. The primary object of this study was to compare the effectiveness of metsulfuron and 2,4-D, applied at various rates, for control of Wyoming big sagebrush in northern New Mexico. Changes in herbaceous vegetation after treatments were also determined.
Materials and Methods
An experiment to evaluate Wyoming big sagebrush control with metsulfuron and 2,4-D was established in 1982 and 1983 near Bloomfield and Questa, New Mexico. Both sites supported dense sagebrush stands with greater than 18% canopy cover and 13,009 plants/ ha. The Bloomfield site was established on a deep and well drained Doak sandy loam (Typic Haplargid). Five composite soil samples collected to IO-cm depth in the immediate area of the experiment contained 86% sand, 12% silt and 2% clay, with 1.6% organic matter and a pH of 7.0. Slope at the site was 1 to 3% and elevation was 1,600 m. organic matter and a pH of 6.5. Average slope was 1 to 3% and elevation was 2,150 m. Common grasses included western wheatgrass (Agropyron smithii Rydb.), galleta, and blue grama.
Initial treatments were applied to Wyoming big sagebrush during the period of primary shoot growth on 19 May, 10 June, and 30 June 1982. Treatments included a 60% active ingredient, dry, flowable formulation of metsulfuron at 0.14, 0.28, and 0.56 kg ail ha; and the butoxyethyl ester and alkanolamine salt of 2,4-D at 2.2 kg ae/ ha. Treatments were reapplied to a nearby set of plots on 8 June 1983, except metsulfuron rates were reduced to 0.035,0.07, and 0.14 kg/ ha, and only 24-D ester was applied at 2.2 kg/ ha. Precipitation was above normal during both years of herbicide applications at Bloomfield (Table 1) and Questa (data not shown). Herbicides were applied with a trailer-mounted sprayer (6.4 m boom) delivering 140 1 /ha total volume. The 24-D formulations were mixed in water or in a water-plus-diesel mixture (1:9 v/v). Metsulfuron was mixed in water only. A 0.5% (v/v) surfactant (trimethylnonyl-polyethoxy-ethanol) was added to all mixtures. Plots were 19.2 by 67 m and replicated in a randomized complete block design. Wyoming big sagebrush mortality was determined by counting live and dead plants before and 3 growing seasons (about 28 months) after treatment. Counts were made within two l-m by 35-m belt transects located diagonally across each plot. Wyoming big sagebrush canopy cover was also measured before and 3 growing seasons after treatment along two 35-m line intercept transects placed in each plot (Hutchings and Pase 1963) .
Grass and forb yield was determined from 1982 treatments by harvesting species in 2,4-D ester, metsulfuron, and untreated plots. Herbage data was collected in August 1982 August ,1983 August ,1985 August , and 1989 at the Bloomfield site, and all dates except 1989 at Questa because this area was disturbed. Data were obtained by clipping species within 10 randomly located 0.25-mr quadrats in each plot. Cattle grazed both study sites lightly in winter, but neither area was grazed during the summer growing season throughout the study.
A second experiment was established near earlier treatments on the Bloomfield site to evaluate spring and fall applications for control using metsulfuron and 24-D in 1986 and 1987. Treatments consisted of 24-D ester at 2.2 kg/ ha, metsulfuron at 0.07 kg/ ha, and a mixture of 24-D at 1.1 kg/ ha and metsulfuron at 0.035 kg/ ha. Treatments were replicated 3 times and applied to the same sized plots, and in the same manner as previously described, during Wyoming big sagebrush primary shoot growth (14 May, 13 June 1986; 25 April, 11 May, and 13 June 1987) or during the flowering and fruiting growth stages (23 September, 18 October 1986, 19 September, and 17 October 1987). Wyoming big sagebrush mortality and canopy reduction data was collected for all treatments using the same procedures described in the previous experiment. Within untreated (control) plots, 30 Wyoming big sagebrush plants were randomly selected for monthly shoot elongation measurements beginning in mid-March and continuing to midNovember 1986. Measurements were repeated for the same period in 1987 as an index to predict susceptibility of Wyoming big sagebrush to the herbicides. Four terminal shoots on each plant were permanently marked at a prominent node with color-coded wire, at or near the 4 cardinal directions on the outer canopy perimeter. Measurements of current year growth were taken from the marked node to the apex of the shoot. As flowering shoots developed in mid-summer, they were marked for separate measurement from vegetative shoots. On each sample date, sagebrush phenology was also recorded using a numerical system described by DePuit and Caldwell (1973) . Precipitation on the study area was nearly twice the 50-year average in 1986, although winter rainfall (Dec. 1985 -March 1986 previous to herbicide application was slightly below normal (Table 1) . Precipitation was near the longtime average in 1987, but fall-winter precipitation was above average.
A third experiment to evaluate additional rates of metsulfuron applied in spring or fall was established in mid- May 1987 , and early October 1987 at the Bloomfield site. Treatments included metsulfuron at 0.0175,0.035,0.07,0.14, 0.28, and 0.56 kg/ ha. Metsufuron was applied with a pressurized C& backpack sprayer for product explusion at 20 psi through a 2.5-m boom. Walking speed was timed to assure uniform application of treatments. Plot size was 9-m by 15-m with 3 replications. Wyoming big sagebrush mortality was determined in each plot in August 1990 using two l-m by 15-m belt transects. Mortality results from this experiment were pooled with similar data acquired from other metsulfuron treatments applied at the Bloomfield site between 1982 and 1988 to show the relative effectiveness of the herbicide by rate and season applied. Metsulfuron treatments applied during this period in April, May, or June were combined as a spring data set, whereas treatments applied in September or October were combined as a fall data set. Separate regression analyses were conducted on spring and fall data sets to relate metsulfuron rates to Wyoming big sagebrush mortality.
Statistical Analysis
Apparent sagebrush mortality and canopy reduction means (2) for each experiment were transformed to the arc sin \/;; and subjected to analysis of variance using the protected LSD technique (Statistical Analysis System 1982). Herbage yield data did not differ significantly (nO.05) by date of herbicide application, so values were pooled within years by treatment for analysis.
Results and Discussion

Wyoming Big Sagebrush Control
Sprays of 24-D amine mixed in water or a diesel oil:water emulsion were less efficacious than 24-D ester, killing less than 15% of the Wyoming big sagebrush when applied in 1982 near Bloomfield and Questa, N.M. (data not shown). This agrees with numerous studies that have reported the advantage of ester formulations of 24-D compared to amines for sagebrush control (Evans et al. 1979) . Also, no differences were found when 24-D ester was mixed in a 1:9 diesel oil:water carrier or mixed in water only for Wyoming big sagebrush control. Use of a diesel oil:water emulsion is usually recommended to reduce evaporation potential when aerially applying 2,4-D, and to increase herbicide absorption (Scifres 1980). As expected, 2,4-D ester killed a higher percentage of Wyoming big sagebrush when applied earlier in spring than later in the season (Table 2) . However, Wyoming big sagebrush mortality never exceeded 38% on any spray date at either location, and these percentages are low in comparison to those usually reported when the plant is sprayed in more mesic environments (Evans and Young 1977) . Wyoming big sagebrush leaves had mostly shed 4 months after 2,4-D applications, but were only discolored and remained on shrubs sprayed with metsulfuron (data not shown). After 1 year, about 75 to 95% of the leaves were shed from plants sprayed with metsulfuron, but some green tissue remained on most plants. Wyoming big sagebrush mortality 3 years after applying metsulfuron at 0.14 kg/ ha was greater across spray dates at the Questa location (64%) compared to Bloomfield (51%) ( Table 2 ). Annual rainfall is normally 10 cm higher near the Questa site compared to Bloomfield and, although soil moisture was high at both locations when plants were sprayed, we suspect environmental conditions were more favorable for Wyoming big sagebrush growth near Questa. Metsulfuron was equally efficacious at higher rates of application across locations and spray dates, averaging 77 and 87% at 0.28 and 0.56 kg/ ha, respectively. Wyoming big sagebrush mortality after applying lower rates of metsulfuron on 8 June 1983 was comparable across sites, and averaged 3 1,44, and 60% at rates of 0.035, 0.07, and 0.14 kg/ha, respectively. Canopy reduction 3 growing seasons after 1983 treatments averaged 35, 59, and 78%, respectively. Mortality with 2,4-D ester averaged 35% and canopy reduction averaged 33%.
Typically, Wyoming big sagebrush is senescent from early November until bud break in late March to early April in northern New Mexico. Spring shoot growth follows bud break by 2 to 4 weeks in late April and continues until mid-September. Flowering and fruiting occurs mostly in October and November. Phenophasic beginnings were generally later (by 2 to 4 weeks) in 1986 than those observed in 1987 (Anderson 1989) . DePuit and Caldwell (1973) reported main phenophasic beginnings to be about a month later on Wyoming big sagebrush in northern Utah compared to plants we examined in this study. Growth of Wyoming big sagebrush terminal shoots in 1986 was greatest between 15 April and 15 May (Fig. 1) . Mean shoot length for this month averaged about 11 mm, with a range from 0 to 72 mm. Zero was the mode and the median was 7 mm. This large variation was typical for all measurement periods because terminal shoot growth within and between plants was highly erratic. About 20% of marked shoots exhibited no growth during the entire year. Shoot growth was above-average on some plants, but no growth was observed on other shoots on the same plant. Lack of uniform shoot growth was probably responsible for the poor Wyoming big sagebrush control (11% average mortality) by 2,4-D ester at 2.2 kg/ ha in 1986 (Table  3) . Activity of metsulfuron at 0.035 kg/ha was also poor when applied in May and June (23% average mortality), but control was greater when applied in September and October (55% average mortality). Terminal shoot measurements were again highly variable in 1987, except that average cumulative growth was greater than that observed in 1986 (43.3 compared to 23.9 mm, respectively) (Fig. 1) . Growth measurements included vegetative shoots and flowering stalks, which usually could not be distinguished until mid-July or August. Mean growth of shoots on which flowering later occurred was nearly 4 times greater than that of shoots, which did not produce flowers in either year (data not shown). A higher percentage of Wyoming big sagebrush was killed or defoliated in 1987 when 2,4-D was applied on early or late application dates (April, May, and October) compared to dates near the middle of the growing season (June and September) ( Table 3) . Greater effective-ness of 24-D for control of sagebrush in spring and fall, compared to summer months, agrees with other studies by Hyder (1954) and Evans et al. (1979) . As was observed in 1986, metsulfuron applied in 1987 killed a higher percentage of Wyoming big sagebrush during later application dates (average 59% mortality for September and October), than for earlier dates (average 23% mortality for April, May, and June). McDaniel and Duncan (1987) reported a similar seasonal difference in the effectiveness of metsulfuron for control of broom snakeweed. Treatments that included metsulfuron at 0.0175 kg/ ha plus 2,4-D at 1.1 kg/ ha provided comparable Wyoming big sagebrush control to 2,4-D alone at 2.2 kg/ ha in April and May, and to metsulfuron alone at 0.035 kg/ ha in September and October. These data suggest synergism may exist between these 2 herbicides for Wyoming big sagebrush control but the optimum combination rates are unknown.
Metsulfuron applied at various rates in 1987 and 1988 further substantiated that the herbicide is more efficacious for Wyoming big sagebrush when applied in fall compared to spring (Table 4) . Metsulfuron was nearly twice as effective at lower rates when applied in the fall compared to spring. As expected, when data from all metsulfuron treatments applied at the Bloomfield location between 1982 to 1988 were combined into spring and fall data sets, Wyoming big sagebrush mortality increased as rates increased (Fig  2) . Further research is needed to explain the physiological basis for the greater metsulfuron activity on Wyoming big sagebrush applied in fall compared to other times of the year.
Forage Production
Total herbaceous production, as end-of-season standing crop, was not significantly different in herbicide-treated plots compared to untreated rangeland the first growing season after application near Questa, but was 200 to 300% higher in sprayed areas near Bloomfield (Table 5) increased on all treated plots, compared to untreated areas, at the Questa site after the second post-treatment growing season. In general, herbaceous yield in plots sprayed with 2,4-D and the 0.14 kg/ ha rate of metsulfuron were equivalent. As expected, herbage yield was usually greater where a higher percentage of sagebrush was controlled by the 0.28 and 0.56 kg/ ha rates of metsulfuron. Major differences among treatments were contributed by grasses, with galleta contributing about 65% of the total composition by weight at Bloomfield and western wheatgrass contributing about 85% at Questa. Blue grama was the most important associated species at both sites. No evidence of damage to any herbaceous species was noted in either 2,4-D or metsulfuron treatments after the first growing season. Broadleaf species, primarily woolly plantain (Phnrugoparugonicu Jacq.) and scarlet globemallow (@her-alcea coccineu [Nutt.] Rydb.), were equally evident in either treated or untreated plots, but comprised less than 1% of the total composition by weight at both sites (data not shown).
Conclusions
Big sagebrush is successfully controlled by 2,4-D and other phenoxy herbicides in the Great Basin, Columbia River, and the northern High Plains. However, because results are erratic, this practice has not been widely employed on the Colorado Plateau encompassing portions of Arizona, Utah, Colorado, and New Mexico (West 1978) . Wyoming big sagebrush is reportedly susceptible to 2,4-D when soil moisture is available to promote at least 5 to 7 cm of new shoot growth before spraying phenoxy herbicides (Cornelius and Graham 1958) . However, precipitation averages about 6.5 cm on the Colorado Plateau from January to June, 1982 1983 1985 1989 1982 1983 1985 1989 1982 1983 1985 1989 (kg/ ha) -----(Galleta)-----(Blue grama)-----------(Total) which is probably not enough to promote adequate shoot growth in most years to insure effective Wyoming big sagebrush control. Our data suggest, even in years with above average winter-spring precipitation, terminal shoot growth is likely to average less than 5 cm, and growth among stems is likely to be highly variable within and between plants.
Metsulfuron activity does not appear to be related to leaf or leader growth because Wyoming big sagebrush was more readily controlled by the herbicide when applied at comparable rates in fall compared to spring. Wyoming big sagebrush control averaged 65% when metsulfuron was fall-applied at 0.035 kg/ ha, whereas mortality increased to 88% when metsulfuron was sprayed at 0.07 kg/ ha. Metsulfuron plus 2,4-D worked reasonably well at the one combination rate examined. Some synergism may exist, but further research is needed to determine optimum metsulfuron plus 2,4-D combinations.
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